X-ray CT imaging is proving to be a viable modality for the extraction of quantitative dose information from irradiated polymer gels and research in this area is increasing. Recent investigations have included: studies on the use of normoxic gels in conjunction with CT imaging [1][2]; modelling the effects of gel polymerization on the resulting CT dose response [3]; post-acquisition image filtering for CT polymer gel dosimetry [4][5]; investigation of CT imaging technique for gel dosimetry [6]; and the use of polymer gels to quantify x-ray CT dose during clinical CT scans [7].
Introduction
X-ray CT imaging is proving to be a viable modality for the extraction of quantitative dose information from irradiated polymer gels and research in this area is increasing. Recent investigations have included: studies on the use of normoxic gels in conjunction with CT imaging [1] [2] ; modelling the effects of gel polymerization on the resulting CT dose response [3] ; post-acquisition image filtering for CT polymer gel dosimetry [4] [5] ; investigation of CT imaging technique for gel dosimetry [6] ; and the use of polymer gels to quantify x-ray CT dose during clinical CT scans [7] .
One unresolved issue in CT gel dosimetry is the potential for gel polymerization due to the CT imaging process and possible effects of this polymerization on the dose distribution recorded by the gel. The objective of the current study is to establish the magnitude of changes in gel CT numbers that could result from reading out active polymer gels with x-ray CT. This is achieved by: I. determining CT doses delivered to gels for typical gel imaging protocols and II. determining the response of polymer gel to kV irradiation. We utilize the concept of computed tomography dose index (CTDI) and ion chamber measurements to quantitate the dose (/slice) imparted to gels for volumetric (3D) CT imaging. We use film measures of slice profiles in conjunction with the CTDI measures to quantitate CT dose for single slice, region of interest (ROI) gel imaging. Large volume (i.e. 16 cm diameter) and small calibration (i.e. 2 cm diameter) phantoms as well as a range of scanning protocols are investigated. Utilizing Raman spectroscopy, we establish the dose response of polymer gel to both MV and kV irradiation energies. With the measured CT doses imparted by the CT scanner, and the measured polymer gel kV energy dose response, we establish the anticipated changes in CT numbers ( N CT ) for typical gel imaging protocols.
Materials and Methods

CT Dose Measurements.
All CT scanning in this work (dose measurements and gel imaging) was performed using a GE HiSpeed X/i CT Scanner (GE Medical Systems, Milwaukee WI, USA). CDTI measurements were made using a RadCal 10x5-3 CT ion chamber (RadCal Corp. Monrovia, CA, USA) in three separate phantoms simulating a range of gel imaging senarios (figure 1). Gel imaging protocols are listed in table 1. Slice profiles were measured using XOmatV film (Eastman Kodak Co., Rochester, NY). Single slice doses were calculated utilizing the CTDI measurements and by extracting the peak dose using the slice profiles.
Gel Dose Response
Gel Preparation.
Normoxic polyacrylamide gels were manufactured as described previously [8] . All gels were composed of 3% (by weight) acrylamide, 3% N, N' methylene bis-acrylamide, 5% gelatin, 89% deionized water, and 5 mM tetrakis hydroxymethyl phosphonium chloride (THPC). Gel Table 1 . Typical protocols used for CT imaging polymer gel. Volumetric: 3D gel volume imaging; Single slice: low noise, single slice, ROI imaging; Calibration: gel calibration vial imaging. kV: Gels were irradiated to uniform doses in the x-ray CT scanner operating at 140 kVp using the phantom pictured in figure 1 c. Multiple scans were obtained at the same scan position to provide doses from 0-10 Gy. Doses were calculated based on CTDI and film measurements (as described above).
2.2.3. Raman Spectroscopy. Raman spectroscopy was performed utilizing a 785 nm laser, fibre-optic light collection, a 0.75 m monochromater for light dispersion, and a CCD camera cooled to -75 o C for light collection.
2.2.4. CT Imaging. Gel CT imaging was performed using the phantom shown in figure 1 b and using the calibration protocol as given in table 1.
Results and Discussion
3.1. CT Dose in Polymer Gel Dosimetry. Table 2 lists measured doses / slice to: (a) central and edge regions of the head phantom for volumetric imaging and (b) central and edge regions of the head phantom for single slice, ROI imaging and (c) single slice ROI scanning of small calibration gels. Doses / slice range from 0.7 cGy -4.5 cGy, depending on the phantom and scanning protocol used. Volumetric scanning is found to deliver higher doses / slice than single slice ROI scanning. This is a result of secondary scatter from adjacent slices contributes to the dose for volumetric scanning but not for single slice scanning. Including the effects of image averaging, typical gel CT doses are ~ 0.7 Gy for volume imaging (16 averages) and 0.6 Gy for single slice imaging (32 averages, 5 mm slice thickness). Figure 2a illustrates the consumption of acrylamide as a function of dose for gels irradiated with 6 MV and 140 kVp photon energies. Acrylamide consumption in irradiated polymer gels has been directly related to polymer formation and, hence, an increase in gel N CT with dose (Hilts 2004). As can be seen in figure 2a , polymer gels irradiated with kV photon energies exhibit a weaker dose response over 10 Gy than do gels irradiated with MV photon energies. This fact is likely due to the higher linear energy transfer (LET) of kV energy photons (~60 MeV/cm) compared to MV energy photons (~2 MeV/cm). Increases in particle LET have been shown to weaken gel dose response [9] . Figure 2b illustrates the polymer gel CT dose response for the MV irradiated gels (slope = 0.47 ± 0.01 H/Gy). Utilizing this dose response curve and the differential kV and MV dose responses shown in figure 2a, a CT dose response curve for polymer gels irradiated with kV energies was calculated (slope = 0.19 ± 0.02 H/Gy) and is also shown in figure 2b. Note that this response curve was not measured directly with x-ray CT in order to minimize CT dose contamination effects. From figure 2b we see that the < 1 Gy delivered by typical gel CT imaging protocols would produce < 0.3 H N CT . As a worst case, volumetric imaging with many averages (100) could result in a N CT of ~1 H.
Dose Response of Polymer Gel to MV and kVp Irradiation Energies.
Conclusions
Dose imparted to polymer gels during CT imaging and the CT dose response of polymer gel to kV irradiation have been quantified in this study. Using typical gel CT imaging scenarios (both ROI and volume imaging) the CT doses imparted to the gels remain low (< 1 Gy). In addition, the dose response of polymer gels to kV radiation is shown to be significantly lower than for MV irradiated gels. As a result, typical gel CT imaging protocols would be expected to produce a change in CT number in an active gel of < 0.3 H and not be detected by CT read-out. However, CT dose remains a concern for volume protocols involving extensive averaging (e.g. 100 image averages per slice) which could impart doses of 4-5 Gy to the gel and alter the recorded dose. 
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